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Impedance characteristics of 27 nm thick anatase TiO2 films showing bistable resistive switching
were investigated in the frequency domain 100 Hz–10 MHz in various resistance states, a fresh
state before electroforming, a high resistive state HRS, and a low resistive state LRS. dc
conductance in the film becomes dominent in HRS and LRS and the capacitances in the various
states are almost identical. Numerical calculations using finite element analysis were performed for
the localized filament and homogeneous model, whose results suggest that the filament model is
consistent with the experimental results. © 2006 American Institute of Physics.
DOI: 10.1063/1.2336621Resistive switching of transition metal oxide TMO ma-
terials including TiO2, Ref. 1 and 2 and NiO Ref. 3 as
well as perovskite-type oxides including SrZrO3,4
PbZrx,Ti1−xO3,5 and Pr0.7Ca0.3MnO3 Ref. 6 is a very at-
tractive subject of research. These materials show character-
istic bistable resistance states, a high resistive state HRS
and a low resistive state LRS.
Despite the fact that resistive switching in TMOs has
been studied for decades,7,8 the working mechanism is still
not clearly identified. However, owing to the advancement of
microscopic observation technologies, e.g., scanning tunnel-
ing microscopy and atomic force microscopy AFM, indica-
tions for the generation and rupture of local conduction path-
ways as the mechanism of the resistive switching have been
found,9,10 which support the filament model.11,12 Impedance
spectroscopy is a very useful method to define the arrange-
ments of electrical components in dielectric films, including
resistance, inductance, and capacitance as well as a dielectric
dispersion in a frequency domain.13,14
In this study, sample test ST capacitors consisting of
Pt/TiO2/Pt and short-circuit standard SCS capacitors ex-
cluding the TiO2 thin film were fabricated and the impedance
in the frequency domain 100 Hz–10 MHz for the three
different resistive states fresh state FS was investigated be-
fore electroforming HRS, and LRS. In order to obtain the
intrinsic impedance, one has to calibrate the measured im-
pedance spectra of the ST by removing the parasitic imped-
ance mainly due to electrodes and wiring, which can be mea-
sured from the SCS capacitors. For further insight into the
switching mechanism, the impedance spectra were simulated
using finite element analysis FEA for two switching
mechanisms, the filament model and the homogeneous
model.15
The ST capacitors were fabricated by reactive sputtering
of a 27 nm thick blanket TiO2 film grown on a platinized Si
wafer at room temperature. The structure of the grown film
was nanocrystalline anatase in the as-deposited state, as con-
firmed by x-ray diffraction and transmission electron micros-
copy. The thickness of the film was measured by x-ray fluo-
rescence and its stoichiometry Ti:O was determined as
1:2 by Rutherford backscattering spectroscopy. Finally,
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areas 0.015, 0.028, and 0.066 mm2 were sputtered on the
TiO2 film at room temperature using a shadow mask. The
SCS capacitors were simply formed on a platinized Si wafer
by depositing identical top electrodes. Resistive switching
measurements for the ST capacitors were performed using dc
voltage-sweep mode of an HP4155A semiconductor param-
eter analyzer. The impedance spectra of the ST and SCS
capacitors in the frequency domain 100 Hz–10 MHz were
measured at zero dc bias with a voltage oscillation amplitude
of 50 mV using an HP4194A impedance analyzer. Figure 1
shows measured current versus dc voltage curves of the ST
capacitor with an area of 0.015 mm2 at different resistance
states, representing a typical unipolar switching behavior, un-
like the bipolar switching of perovskite-type oxides.4–6 In
order to prevent permanent dielectric breakdown during
switching from HRS to LRS, curves a and e, a current
compliance of 7 mA was set. The current for switching from
LRS to HRS, curves c and d, was around 30 mA. The
current in HRS increases along the curve a or e with
increasing positive or negative dc voltage. After switching
from HRS to LRS the current is limited by the current com-
pliance and reduced to zero along the dashed line b or f.
Then, independent from the polarity of the applied voltage,
switching to HRS can occur along the curve c or d.
The ST capacitors show reproducible resistive switching
regardless of the area of the top electrode. The measured
conductance in the FS is proportional to the area of the top
FIG. 1. Typical current vs dc voltage curves for unipolar resistive switching
2for a Pt/27 nm thick TiO2/Pt capacitor with a capacitor area of 0.015 mm .
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unreported results. In contrast, the measured resistances
show large variations, so that it is rather improbable that the
entire volume or area below the top electrode contributes to
the resistive switching in a homogeneous manner, which fa-
vors the assumption of more local resistance changes respon-
sible for switching as described by the filament model.
Regarding the electrode impedance Zs due to the resis-
tive and inductive components of the electrode, as being in
series with the intrinsic TiO2 impedance Zc gives the imped-
ance of ST, ZST=Zs+Zc. Because ZSCS=Zs, Zc is simply ex-
pressed by Zc=ZST-ZSCS. A proper equivalent circuit of the
filament model is an element with parallel connection of a
capacitance and ac and dc conductances. The equivalent cir-
cuit of the homogeneous model is different, namely, a series
connection of at least two such elements representing a con-
ducting homogeneous bulk and a less conducting, but swit-
chable thin region covering the whole capacitor area homo-
geneously, e.g., interface regions for illustration, see Fig. 3.
The equivalent circuit of the filament model can be ex-
pressed in terms of admittance Yc=Zc
−1
, as
Yc = j2fCf + 1/RL, 1
where
Cf = Cf − jCf = 1 + f − jf0A/t , 2
where f , RL, 0, A, and t denote the frequency, the resistance
due to dc leakage current in the dielectric, the permittivity of
vacuum, and the area and thickness of the dielectric, respec-
tively. Cf, Cf, f, and f are the real and imagi-
nary parts of the complex capacitance and susceptibility, re-
spectively. Cf, attributed to dielectric damping, makes the
ac conductance distinguishable from the dc conductance due
to leakage current. .
Figures 2a and 2b show the real and imaginary parts
of the calibrated intrinsic admittance of TiO2 in FS, HRS,
and LRS, respectively on linear and log scales, respectively.
For the case of FS, RL
−1 can be neglected because the contri-
bution of the dc conductance to the admittance seems to be
negligible. In Fig. 2b the real and imaginary parts of the
complex admittance in FS, ReYFS and ImYFS show a
power law behavior up to 2 MHz, satisfying the Curie–von
Schweidler relaxation law where both f and f
are given by a power law, fn−1, with n slightly less
than unity.16,17 Therefore, their ratio becomes constant,
f / 1+ff /f=cotn /2.18 The exponent n
FIG. 2. Frequency dependence of the real closed symbols and imaginary
open symbols parts of the intrinsic admittance Yc of TiO2 at the various
resistance states, FS subscript FS, HRS subscript HRS, and LRS sub-
script LRS on a linear and b log scales.is found to be 0.975, for which a dielectric dispersion in the
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tric constant is 75.7, independent from frequency, and both
Cf and Cf can be regarded as constants in the given
domain. The dielectric constant is much higher than other
anatase TiO2 reported elsewhere, which may be attributed to
the nanograin structure; however, the concrete reason is still
unclear. The dielectric constant of 80 nm thick TiO2 is also
consistent with the value reported in this letter unreported
result. Furthermore, Fig. 2 shows that the different resis-
tance states have negligible influence on ImYc; the capaci-
tance Cf is almost constant regardless of the resistive
states.
It is also found that ReYc of HRS is almost constant
until the ac conductance becomes dominent, which is consis-
tent with the assumption of a parallel connection between the
ac and dc conductances satisfying Eq. 1. For the case of
LRS the dc conductance is high enough to hide the ac con-
ductance completely in the whole frequency domain. These
observations can serve as critical clues to identify a mecha-
nism of the resistive switching, e.g., either a homogeneous
model or the filament model.
For a comparison of the impedance spectra between the
two suggested mechanisms, numerical calculations of the
impedance spectra for the 27 nm thick film were performed
using FEA with varying distributions of the charge carriers
electrons in the dielectric film, i a very low and uniform
carrier density corresponding to FS, ii uniformly distrib-
uted carriers in conducting and insulating regions, which are
separated by a virtual cathode, corresponding to the homo-
geneous model with interface regions, and iii highly local-
ized high density of carriers in a filament. The numerically
calculated voltage distributions in HRS for the cases ii and
iii are shown in Figs. 3a and 3b. The voltage distribu-
FIG. 3. Color online Voltage distribution application of 1 V on the top
electrode in dielectric films in HRS for a the homogeneous model and b
the filament model obtained by FEA.tion of i is omitted as a separate figure because the result is
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Fig. 3b. The dashed line of Fig. 3a designates the virtual
cathode dividing the dielectric into a conducting upper and
insulating lower region. The hatched area in Fig. 3b des-
ignates a ruptured, highly conducting filament. For the FEA
calculation of the homogeneous model shown in Fig. 3a,
the thicknesses of the conducting and insulating phases in
HRS are assumed to be 20 and 7 nm, respectively. Using the
resistances in LRS and HRS in Fig. 2, 83 and 8300 , re-
spectively, and the corresponding capacitor area of
0.015 mm2, the resistivities of the conducting and insulating
regions are 4.6103 and 1.8106  cm, respectively. For
the FEA calculation of the filament model shown in Fig. 3b
the width of the conducting filament is set to 2 nm. In HRS
the filament is assumed to be destroyed on a length of 7 nm
so that only 20 nm still have a high conductivity. Obtaining
the resistance of a highly conducting filament from conduc-
tive AFM measurements,19 the resistivity of the 2 nm wide
filament is calculated to be 5.210−3  cm. To fit the resis-
tance in LRS in Fig. 2, about 5200 filaments must be present,
resulting in a density of 3.45107 cm−2. Fitting HRS with
also this density gives the resistivity of the broken filament
part, which is 1.93  cm. The resistivity of the insulating
phase is 6.63109  cm calculated from the resistance of
the FS-TiO2, measured by applying dc voltage. It should be
pointed out that these filament resistivities are only order of
magnitude estimations because the resistances in HRS and
LRS hardly scale with the electrode area, namely, fitting the
resistances of the other capacitors with a different top elec-
trode area gives different filament densities. In addition, the
nature of the spatial and conductivity distributions of fila-
ments still leaves many open questions. In the present letter,
the conductivity distribution is not taken into account since
the distribution would not influence the simulation results.
The conduction behavior attributed to localized conduction
paths hardly affects the bulk dielectric behavior of TiO2 no
effect on ImYc as well as the frequency dispersion of
ReYc.
The impedance spectra for all three cases were calcu-
lated with the parameters mentioned above and are shown in
Figs. 4. It can be noted that the calculations for the homoge-
neous model, case ii, give rise to great changes of the com-
plex admittance, which is in disagreement with the experi-
mental impedance spectra. On the other hand, the impedance
spectra of the filament model are in much better agreement
with the experimental data.
In summary, capacitors of Pt/TiO2/Pt were fabricated
and resistive switching and impedance measurements were
performed. In FS, TiO2 shows the Curie–von Schweidler re-
laxation law, and in HRS and LRS, it is found that TiO2
includes a dc conductance, depending on the resistance state
ImYc of TiO2 does not show significant variations with the
varying resistive states, which plays a key role in the deter-
mination of an appropriate mechanism for resistive switch-
ing. From the simulated ImYc behavior in the frequency
domain for the filament and homogeneous model, it could beDownloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject to noticed that the filament model is in better agreement with
the experimental results.
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